AMPA-type glutamate receptors (AMPARs) mediate the majority of fast excitatory neurotransmission in the mammalian central nervous system. Modulation of AMPAR trafficking supports several forms of synaptic plasticity thought to underlie learning and memory. Protein interacting with C kinase 1 (PICK1) is an AMPAR-binding protein shown to regulate both AMPAR trafficking and synaptic plasticity at many distinct synapses. However, studies examining the requirement for PICK1 in maintaining basal synaptic transmission and regulating synaptic plasticity at hippocampal Schaffer collateral-cornu ammonis 1 (SC-CA1) synapses have produced conflicting results. In addition, the effect of PICK1 manipulation on learning and memory has not been investigated. In the present study we analyzed the effect of genetic deletion of PICK1 on basal synaptic transmission and synaptic plasticity at hippocampal Schaffer collateral-CA1 synapses in adult and juvenile mice. Surprisingly, we find that loss of PICK1 has no significant effect on synaptic plasticity in juvenile mice but impairs some forms of long-term potentiation and multiple distinct forms of long-term depression in adult mice. Moreover, inhibitory avoidance learning is impaired only in adult KO mice. These results suggest that PICK1 is selectively required for hippocampal synaptic plasticity and learning in adult rodents.
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AMPA receptor | membrane trafficking | endocytosis | receptor recycling | metabotropic glutamate receptor A MPA-type glutamate receptors (AMPARs) mediate the majority of fast excitatory transmission in the mammalian CNS. Modulation of AMPAR trafficking and expression at synapses has emerged as a key regulator of synaptic plasticity, thought to be a cellular mechanism underlying learning and memory (reviewed in ref. 1) . AMPAR trafficking is a highly dynamic process, and the interaction of AMPARs with various AMPAR-binding proteins (AMPAR BPs) plays a critical role in regulating the movement of AMPARs in and out of the synapse (1) (2) (3) . Of the four AMPAR subunits [AMPA-type glutamate receptors 1-4 (GluA1-4), previously glutamate receptors 1-4 (GluR1-4); see ref. 4 ], GluA2, GluA3, and GluA4-short have short C-terminal tails containing a type II postsynaptic density 95 (PSD95)/discs large (DlgA)/ zonula occludens-1 (Zo-1) (PDZ) ligand. This C-terminal PDZ ligand of GluA2/3 interacts with PDZ domains in multiple AMPAR BPs, including protein interacting with C kinase 1 (PICK1) and glutamate receptor-interacting protein 1 and 2 (GRIP1 and GRIP2, GRIP2 is also called AMPAR binding protein, or ABP) (5-8). Cterminal phosphorylation of GluA2 at serine-880 (S880) differentially regulates interaction with PICK1 and GRIP such that S880 phosphorylation disrupts GluA2 binding to GRIP1/2 but does not affect GluA2 binding to PICK1 (9, 10) .
PICK1 is an AMPAR BP (5, 8) originally identified by its interaction with PKC α (11). The PICK1 domain structure includes an N-terminal PDZ domain, a central box-dependent myc-interacting protein-1 (Bin)/amphiphysin/reduced viability to nutrient starvation-homology (Rvs) (BAR) domain, and N-and C-terminal acidic domains (reviewed in ref. 12) . Although the precise manner in which GRIP and PICK regulate basal and activity-dependent AMPAR trafficking is still under investigation, GRIP appears to stabilize GluA2-containing AMPARs at the cell surface (13) and/or facilitate recycling of internalized receptors back to the cell surface (14) , whereas association with PICK1 facilitates AMPAR endocytosis (15) (16) (17) , inhibits receptor recycling (14) , or retains GluA2-containing receptors at extrasynaptic sites (14, 18, 19) . Based on these data, phosphorylation of GluA2 at S880 has been proposed to facilitate long-term depression (LTD) by inducing a switch from GluA2-GRIP to GluA2-PICK interaction (16, 20, 21) .
A role for PICK1 in synaptic plasticity has been established most clearly in the cerebellum, where LTD at multiple synapses requires intact PICK1 function (18, 22, 23) . PICK1 also plays an essential role in a developmentally regulated form of LTD at hippocampal mossy fiber-cornu ammonis 3 (CA3) synapses (24) . At hippocampal Schaffer collateral-cornu ammonis 1 (SC-CA1) synapses numerous studies find a role for PICK1 in regulating LTD (20, (25) (26) (27) , although the level of impairment upon disruption of PICK1 function varies considerably, and contradictory findings exist (28) . In addition, a few studies suggest that PICK1 may regulate activity-dependent insertion of AMPARs (29, 30) , and a recent study implicates PICK1 in maintaining long-term potentiation (LTP) at SC-CA1 synapses in the hippocampus (27) .
In the present study we investigated the effect of genetic deletion of PICK1 on basal SC-CA1 synaptic transmission and synaptic plasticity in adult and juvenile mice. We also determined whether PICK1 is required for inhibitory avoidance (IA) learning. Surprisingly, we found that loss of PICK1 had no significant effect on synaptic plasticity or IA learning in juvenile mice but resulted in impaired synaptic plasticity and IA learning in adult mice.
Results
Basal Synaptic Transmission Is Unaffected in Adult PICK1-KO Mice. In juvenile rodents, acute disruption of PICK1 function with a peptide that mimics the phosphorylated C terminus of GluA2 or via expression of a PICK1 mutant that is deficient for lipid binding results in a gradual increase in synaptic responses at hippocampal SC-CA1 synapses in most (20, 26, 31) but not all (28) studies. Conversely, overexpression of PICK1 in hippocampal neurons results in a decrease in surface GluA2 expression (19, 26, 32) consistent with a model in which PICK1 functions to retain GluA2-containing receptors in an intracellular or extrasynaptic pool. However, the role for PICK1 in adult neuronal function has not been investigated. Thus, we examined multiple measures of basal synaptic transmission at SC-CA1 synapses using acute slices from adult (2-to 3-mo-old) mice in which PICK1 expression had been genetically ablated (see ref. 18 ).
Input-output curves, obtained by plotting the amplitude of the fiber volley vs. the slope of the field excitatory postsynaptic potential (fEPSP) at various stimulation intensities, were not different in adult PICK1-KO mice compared with their WT littermates (WT: 2.97 ± 0.21 ms , n = 19; P > 0.05) (Fig. S1A) . In addition to interacting with postsynaptic AMPARs, PICK1 also binds to and regulates the expression of a presynaptic metabotropic glutamate receptor, mGluR7, which modulates neurotransmitter release (33) (34) (35) . However, analysis of paired-pulse facilitation (PPF) revealed no difference between PICK1-KO and WT mice [WT, n = 19, KO, n = 20; P > 0.05 at all interstimulus intervals (ISI)] (Fig. S1B) , suggesting that basal presynaptic release is not altered in adult PICK1-KO mice. To assess synaptic transmission at the level of individual synapses, we recorded miniature excitatory postsynaptic currents (mEPSCs) resulting from action potential-independent spontaneous glutamate release. mEPSC amplitude and frequency were unaffected in adult PICK1-KO mice [WT: amplitude = 12.8 ± 0.40 pA, frequency = 3.34 ± 0.33 Hz, n = 25 cells; KO: amplitude = 12.2 ± 0.44 pA (P > 0.3), frequency = 2.83 ± 0.27 Hz (P > 0.2), n = 22 cells] (Fig. S1C) .
AMPARs consist primarily of GluA1/GluA2 heteromers at SC-CA1 synapses (36) . The presence of GluA2 in AMPARs not only regulates association with AMPAR BPs, but also renders AMPARs impermeable to Ca 2+ and eliminates inward rectification measured by the current-voltage (I-V) relationship of a synapse. To examine the effect of PICK1 deletion on the basal composition of AMPA receptors, we measured the I-V relationship at SC inputs to CA1 pyramidal neurons. The synaptic I-V relationship was not affected in adult PICK1-KO mice (Fig. S1D) . Additionally, using outside-out patches from somatic membranes of CA1 pyramidal cells, we found no difference in the amplitude of current induced by 20 μM AMPA at −70 mV or in the I-V relationship between PICK1 WT and KO mice (at −70 mV, WT: 213 ± 28 pA; KO: 172 ± 20 pA; P = 0.12) (Fig. S1E) , demonstrating that the composition of extrasynaptic AMPA receptors is not altered in PICK1-KO mice. In summary, basal synaptic transmission at SC-CA1 synapses appears normal in adult PICK1-KO mice.
Multiple Forms of LTD Are Impaired in Adult PICK1-KO Mice. Consistent with a role for PICK1 in retaining intracellular AMPARs after activity-dependent endocytosis (14) or in regulating AMPAR endocytosis (15-17), we found that NMDA receptor (NMDAR)-dependent LTD induced with a standard low-frequency stimulation (LFS) protocol and measured by monitoring extracellular fEPSPs (Fig. 1A) or with whole-cell pairing of −40 mV depolarization with brief LFS (Fig. 1B) was significantly reduced in slices from PICK1-KO mice. In addition to NMDAR-dependent LTD, PICK1 has been implicated in mGluR-dependent LTD in the ventral tegmental area (37), perirhinal cortex (38) , and cerebellum (23) of immature rodents. Using paired pulse-LFS (PP-LFS) in the presence of the NMDAR antagonist D,L-2-amino-5-phosphonopentanoic acid (D,L-AP5), we found that NMDAR-independent LTD was reduced in the hippocampus of adult PICK1-KO mice (Fig.  1C) . At SC-CA1 synapses this protocol induces LTD that is dependent on group I mGluRs (39) (40) (41) and/or muscarinic acetylcholine receptors (mAChRs) (42) . These data highlight a central role for PICK1 in multiple forms of hippocampal LTD. (Fig. 2B) or single theta-burst stimulation (TBS) (Fig. 2C) induced LTP that was indistinguishable between WT and PICK1-KO mice. In addition, LTP induced by a single HFS at RT (WT: 125 ± 5%, n = 5; KO: 124 ± 12%, n = 6) or four TBS at 30°C (WT: 163 ± 6%, n = 8; KO: 166 ± 13%, n = 6) also failed to reveal a deficit in adult PICK1-KO mice. These data suggest that PICK1 is not absolutely required for hippocampal LTP in adult mice, but under some conditions PICK1 is required for normal LTP induction. Given the absolute requirement for PICK1 in LTP observed in juvenile mice (27) , we wondered if the induction protocol-specific deficit seen adult PICK1-KO mice in our study reflected a developmental difference in the induction/expression mechanism of LTP in PICK1-KO mice. Thus, we examined basal synaptic transmission as well as LTP and LTD in juvenile PICK1-KO mice.
Basal Synaptic Transmission Is Modestly Affected in Hippocampal CA1
Pyramidal Neurons of Juvenile PICK1-KO Mice. Input-output curves (WT: 2.53 ± 0.13 ms , n = 41; P > 0.05) (Fig. S3A) , PPF (WT, n = 47; KO, n = 41; P > 0.05 at all ISI) (Fig. S3B) , and mEPSC amplitude (WT: 16.6 ± 0.47 pA, (Fig.  S3C ) in juvenile PICK1-KO mice were not different from WT. However, mEPSC frequency was decreased in juvenile PICK1-KO mice (WT: 5.76 ± 0.32 Hz; KO: 3.46 ± 0.23 Hz; P < 0.001) (Fig S3C) . Changes in mEPSC frequency may result from changes in presynaptic release probability or from changes in the number of synapses. Given that there is no evidence of altered release probability with evoked responses (Fig. S3B) , these data suggest that either the total number of synapses is reduced or the proportion of silent (AMPAR-lacking) synapses is enhanced in juvenile PICK1-KO mice. Alternatively, PICK1 deletion may decrease spontaneous but not evoked neurotransmitter release probability (43, 44) .
LTP Is Intact in Juvenile PICK1-KO Mice. Surprisingly, we found that LTP induced with numerous protocols and under multiple recording conditions was unaffected in juvenile PICK1-KO mice ( Fig. 3 and SI Methods). LTP induced with a whole-cell pairing protocol was indistinguishable between WT and PICK1-KO mice (Fig. 3A) . Similarly, using extracellular recordings, HFS (Fig. 3B) or TBS (Fig. 3C) induced LTP that was indistinguishable between WT and PICK1-KO mice.
LTD Is Unaffected in Juvenile PICK1-KO Mice. Considering the numerous studies implicating PICK1 in AMPAR endocytosis or in maintaining extrasynaptic pools of GluA2-containing AMPARs, we were surprised to find no significant impairment of LTD in juvenile PICK1-KO mice. LTD induced with a standard LFS protocol and measured by monitoring extracellular fEPSPs (Fig.  4A ) and LTD induced with a whole-cell pairing protocol (Fig.  4B) were not significantly affected by loss of PICK1.
IA Learning Is Selectively Impaired in Adult PICK1-KO Mice. In light of the developmental differences observed in hippocampal synaptic plasticity in PICK1-KO mice, we wanted to determine if a hippocampal-dependent learning task would reflect this agedependent role for PICK1. We chose to use a step-through IA task because IA learning is dependent on hippocampal function (45) (46) (47) and induces AMPAR trafficking and LTP in the hippocampus in vivo (48) . Additionally, because this task requires only a singletrial training period, it allows reliable training in a narrow age range in juvenile mice. Memory retention was assessed 24 h after training. Strikingly, adult PICK1-KO mice failed to learn the IA task, but the performance of juvenile PICK1-KO mice was indistinguishable from WT (Fig. 5) .
Discussion
In this study we demonstrate a developmentally regulated role for PICK1 in hippocampal synaptic plasticity and learning. We found that the requirement for PICK1 in hippocampal LTP is limited to a subset of LTP induction protocols in adult mice. In contrast, PICK1 appears to be generally required for LTD in the adult hippocampus. Both NMDAR-dependent and mGluR/mAChR- dependent LTD were impaired in adult PICK1-KO mice. Basal transmission was unaffected in adult PICK1-KO mice. Thus, the observed deficits in synaptic plasticity are likely attributable to a direct role for PICK1 in hippocampal synaptic plasticity. To our surprise, when we examined hippocampal LTP and LTD in juvenile mice, we observed no effect of PICK1 deletion. Additionally, IA learning was selectively impaired in adult PICK1-KO mice, supporting an age-dependent role for PICK1 in normal brain function.
Regulation of Basal AMPAR Trafficking and Composition by PICK1. In neurons of juvenile mice, acute overexpression of PICK1 causes a decrease in surface expression of GluA2 (19, 26, 32) , whereas acute disruption of PICK1 function results in an increase in basal synaptic transmission (20, 26, 31 , but see ref. 28) , consistent with a model in which, under basal conditions, PICK1 functions to sequester and stabilize an intracellular/extrasynaptic pool of GluA2-containing AMPARs (14) or in which PICK1 inhibits recycling of GluA2-containing AMPARs (15) (16) (17) . In the current study we find no alterations in basal synaptic transmission in adult PICK1-KO mice and only modest changes in juvenile mice.
This result may indicate that homeostatic changes are largely able to compensate for the chronic loss of PICK1, resulting in normal steady-state levels of synaptic AMPAR expression.
In juvenile mice, we observe that chronic loss of PICK1 results in a decrease in mEPSC frequency. PICK1 is expressed presynaptically and has been shown to regulate trafficking of presynaptic receptors that could influence neurotransmitter release (33) (34) (35) (49) (50) (51) . However, our finding that PPF, a measure correlated with presynaptic vesicle release, is unchanged in juvenile PICK1-KO mice indicates that the observed decrease in mEPSC frequency is unlikely to result from a general decrease in presynaptic release probability. Interestingly, there is evidence that spontaneous (action potential-independent) and evoked (action potential-dependent) neurotransmitter release use distinct vesicle pools (43, 44) . Therefore, PICK1 could selectively affect spontaneous but not evoked neurotransmitter release in juvenile mice. Alternatively, the decrease in mEPSC frequency could reflect a decrease in the number of total or functional (AMPARcontaining) synapses in juvenile PICK1-KO mice.
PICK1 in LTD.
Our results demonstrate that genetic ablation of PICK1 results in significant impairment of several forms of LTD in the mature rodent hippocampus. mGluR/mAChR-dependent and NMDAR-dependent LTD recruit different signaling mechanisms to induce LTD (42, (52) (53) (54) (55) , but all are expressed via removal of synaptic AMPARs (42, (56) (57) (58) (59) (60) . The fact that both NMDAR-and mGluR/mAChR-mediated LTD are impaired in adult PICK1-KO mice suggests that PICK1 is an essential mediator of activity-dependent AMPAR trafficking, regardless of the upstream signal transduction pathway recruited.
A recent report showed that intracellular perfusion of a peptide that mimics the S880 phosphorylated GluA2 C-terminal tail, previously shown to inhibit PICK1 binding to endogenous GluA2, decreased mGluR-but not NMDAR-dependent LTD in the perirhinal cortex of immature (postnatal day 7-13) rodents (38) . This result suggests that the broad requirement for PICK1 in distinct forms of LTD observed in mature mice in our study may not be generalized across brain regions or developmental age. Indeed, numerous reports find that in juvenile rodents, mGluR LTD at SC-CA1 synapses is expressed presynaptically and does not involve internalization of AMPARs (61-66), making it unlikely that in immature rodents mGluR LTD at SC-CA1 synapses requires PICK1 function. Surprisingly, we find that NMDARdependent LTD is not significantly impaired in juvenile PICK1-KO mice. It is not clear what mediates the observed developmental switch in PICK1 dependence of LTD. Induction and expression mechanisms underlying LTD can vary dramatically by developmental age (24, 25, 64, 67, 68) ; thus juvenile mice may express an additional, PICK1-independent form of LTD. Previous studies investigating the role of PICK1 in LTD at juvenile SC-CA1 synapses generally report some level of impairment when PICK1 function is acutely or chronically blocked, but this impairment ranges from a ∼40-60% reduction in the magnitude of LTD (20, 25, 26) to complete block of LTD (27) , and one study failed to find that disrupting PICK1-GluA2 interactions had an effect on LTD (28). These differences are not correlated with the method of PICK1 manipulation (acute vs. chronic or inhibition of function vs. removal of PICK1 protein). Taken together, these data suggest that PICK1 is not absolutely required for LTD at juvenile SC-CA1 synapses but that under some conditions PICK1 does contribute significantly to LTD induction. It has been suggested that the level of protein phosphatase 1 at synapses might determine whether PICK1 participates in LTD by affecting basal levels of GluA2 S880 phosphorylation (see below) (25) and different slice preparation, recovery, or recording conditions can result in different basal levels of synaptic signaling molecules (69) , which could significantly impact whether PICK1 participates in LTD. . Hippocampal-dependent learning/memory is impaired in adult but not in juvenile PICK1-KO mice. Adult (2-to 3-mo-old) or juvenile (∼3-wk-old; postnatal day 20-22) mice were trained on a step-through IA task. Latency to cross over to the dark chamber was measured at training and 24 h later. In adult mice, PICK1-KO results in a dramatically reduced latency 24 h after training (WT: n = 10; KO: n = 12). Juvenile PICK1 mice acquire the IA task normally (WT: n = 7; KO: n = 9). **P < 0.01. ns, not significant.
One mechanism by which PICK1 could regulate hippocampal LTD involves an activity-dependent increase in the fraction of GluA2 associated with PICK1 via phosphorylation of GluA2 at S880 (9, 16, 20, 21, 25) . Phosphorylation of GluA2 at this residue disrupts binding with GRIP but not PICK1, shifting the predominant PDZ interaction to PICK1. PICK1 may facilitate LTD by actively participating in AMPAR internalization, as suggested by the presence of a lipid-binding BAR domain in PICK1 (70) . Alternatively, release of AMPARs from GRIP may be permissive for other molecules that are actively involved in endocytosis, followed by retention of internalized AMPARs via interaction with PICK1. Numerous studies find that disruption of PICK1 function blocks AMPAR internalization (15) (16) (17) . However, it is difficult, using static methods for visualizing AMPARs, to distinguish between a direct role for PICK1 in internalization of receptors vs. retention of internalized receptors. Live imaging of AMPAR internalization induced by NMDAR stimulation in neurons cultured from PICK1-KO mice suggests that PICK1 is not necessary for internalization but functions by retaining internalized receptors or inhibiting receptor recycling (14) .
PICK1 in LTP.
Although most studies examining the role of PICK1 in activity-induced AMPAR trafficking and synaptic plasticity find a role for PICK1 in LTD, several reports suggest that PICK1 also may participate in AMPAR trafficking required for LTP (27, 29, 30) . Consistent with these findings, we observed that hippocampal LTP induced with a pairing protocol is impaired in adult PICK1-KO mice. However, we note that several common LTP induction protocols, including HFS and TBS, failed to reveal a difference between adult PICK1-KO mice and their WT littermates. Thus, our data indicate that in the mature hippocampus PICK1 can regulate LTP but is not essential for LTP induction.
Surprisingly, we find that LTP in juvenile PICK1-KO mice is indistinguishable from that of WT littermates. To the best of our knowledge, the slice preparation, LTP protocol, age of animals, and recording conditions in Fig. 3B are identical to those used by Terashima et al. (27) , who observed a loss of LTP in juvenile PICK1-KO. The reason for this discrepancy is not clear, because Terashima and colleagues used the mouse line generated by our laboratory. It is possible that subtle differences in slice preparation or recording conditions facilitate plasticity with different induction or expression requirements. Consistent with this possibility, previous studies from this group demonstrate that LTP at hippocampal synapses is mediated by a transient insertion of GluA2-lacking receptors (71) , whereas under the conditions used in Fig. 3B we find that LTP does not require activity through GluA2-lacking receptors (determined by selective antagonism of GluA2-lacking receptors immediately after LTP induction: control: 124 ± 6%, n = 5; 50 μM 1-naphthyl acetyl spermine (NASPM): 122 ± 7%, n = 5; P > 0.5). The requirement for GluA2-lacking receptors in LTP at SC-CA1 synapses is controversial and may depend on the age of animals and type of induction protocol used (71) (72) (73) (74) (75) .
In acutely prepared cortical slices from juvenile PICK1-KO mice, surface expression of GluA1 is decreased, whereas surface GluA2 is elevated (76) . However, basal synaptic transmission is unaffected in this preparation, suggesting that the subunit composition of extrasynaptic surface pools of AMPARs may be aberrant in the absence of PICK1. The GluA1 subunit is thought to be necessary for activity-dependent incorporation of AMPARs during LTP, and recent data support the idea that the immediate source of receptors for LTP may be lateral diffusion from extrasynaptic pools of surface receptors (77, 78) . Thus, the redistribution of extrasynaptic receptors observed in PICK1-KO mice could impair the activity-dependent trafficking of GluA1-containing receptors into the synapse during LTP without affecting basal synaptic transmission. Interestingly, juvenile GluA1-KO mice exhibit LTP, but the ability to induce LTP declines as the mice mature (79) . Numerous studies report developmental differences in the expression mechanisms of LTP (75, (79) (80) (81) . If the LTP deficit observed in adult PICK1-KO mice results from depletion of the available pool of extrasynaptic GluA1, LTP in juvenile mice may be mediated by a GluA1-independent form of LTP that exists selectively in young mice (79) .
Developmental Regulation of PICK1 Function in Learning and/or Memory. Our finding that IA learning and/or memory is impaired selectively in adult but not juvenile PICK1-KO mice corroborates our electrophysiological data demonstrating developmental regulation of PICK1 function in synaptic plasticity and suggests that PICK1 function is critical for both hippocampal synaptic plasticity and memory in adult but not in juvenile mice. It should be noted that although IA training induces synaptic plasticity and AMPAR trafficking in the hippocampus, and intact hippocampal function is required for IA learning, IA learning is not exclusively dependent on the hippocampus. These data, however, do support a developmentally regulated requirement for PICK1 in normal brain function.
Methods
Electrophysiology. Whole-cell or extracellular field recordings were obtained from acute hippocampal slices prepared from juvenile (2-to 3-wk-old) or adult (2-to 3-mo-old) PICK1-KO and WT mice.
Behavior. A standard step-though IA task was used in which mice initially were placed in the light side of a rectangular chamber consisting of a light chamber and a dark chamber separated by a wall with a guillotine-style door. For training, mice were placed in the light side, and the latency to step through to the dark side was measured. This value was taken as the control, pretraining value. After crossing to the dark chamber, mice were given a 0.3-mA, 2-s foot shock. Memory was assessed 24 h later by reintroducing mice to the light side and measuring the latency to step through to the dark chamber. For more details, see SI Methods.
